We report on the electronic properties of semiconducting CdSe quantum dots that can be filled or emptied with many electrons. To accomplish that, we employ a device layout where the investigated quantum dot is attached to only one electrode, a carbon nanotube. Measurements consist of detecting individual electrons transferred onto the quantum dot (by monitoring the nanotube resistance) while sweeping the electrochemical potential of the dot with a gate. This technique allows us to detect the energy gap of the semiconducting quantum dot and to access many electronic levels. We exploit the latter finding to study the statistical aspects of the spectrum of the quantum dot. The measured spectrum distribution approaches the bimodal Wigner distribution, which is the most basic prediction of the random matrix theory applied to quantum dots. DOI: 10.1103/PhysRevLett.102.226804 PACS numbers: 73.22.Dj, 73.23.Hk, 73.63.Kv Semiconducting quantum dots synthesized via colloidal chemistry techniques have generated considerable interest in the science and technology at the nanoscale [1] . One reason is that quantum dots can be described as ''artificial atoms'' for which the electronic spectrum is controlled by the size of the dot. This is due to quantum confinement where the wave function has to satisfy the boundary conditions of the dot. The properties of quantum dots can be further tailored by adding charge carriers to obtain ''ionized artificial atoms.'' This can be achieved via doping with intentional impurities or by electrostatic means where a voltage is applied to a gate electrode [2] . This excess charge has been employed to tune the optical and electrical properties [3] [4] [5] [6] [7] [8] [9] . However, the amount of excess charge carriers obtained with current methods remains modest (between 1 and 10).
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In this Letter, we study the electronic properties of semiconducting CdSe quantum dots using a new device layout. It allows us to fill or empty the dots with many electrons (possibly as many as 200). Measurements are carried out using a new technique that detects individual electrons transferred onto the quantum dot. This technique, which we call electron counting spectroscopy, enables the study of the spectrum of the electronic levels. In particular, we observe the energy gap of the semiconducting quantum dot. Since many electronic levels can be accessed, we also investigate the statistical aspects of the spectrum. The spectrum distribution is composed of a peak and a broad tail, which are attributed to the charging energy and the (fluctuating) level spacing, respectively. This result is consistent with the bimodal Wigner distribution, a prediction of the random matrix theory for quantum dots that has not been experimentally demonstrated until now.
Our devices have a new layout. The CdSe quantum dots are electrically probed using single-wall carbon nanotubes as contact electrodes. In previous experiments, colloidal quantum dots could not be filled or emptied with many electrons. The reason lies in the small size of the dots compared to the large source and drain metal electrodes that were employed. Indeed, these electrodes screen the electric field between the gate and the dot very effectively (the gate voltage is used to change the number of electrons N in the dot) [ Fig. 1(a) ]. A way to decrease the screening is to attach electrodes of the same size as the quantum dot [ Fig. 1(b) ]. For this, we employ metallic single-wall carbon nanotubes. Another new feature in the device layout is that a single electrode (a nanotube) contacts the CdSe quantum dot [ Fig. 2(a) ]. This greatly simplifies the fabrication process compared to standard devices with two electrodes (source and drain), which have to be separated by a few nanometers gap.
Devices were fabricated by means of standard nanofabrication techniques. Carbon nanotubes were grown by means of chemical vapor deposition on a doped Si wafer with a 1 m thermal silicon oxide layer. They were electrically contacted to Cr=Au electrodes patterned by electronbeam lithography. CdSe quantum dots ($5 nm diameter) were deposited onto the wafer from a colloid suspension and were found to be preferentially adsorbed onto nanotubes [10] . Figure 2(b) shows an atomic force microscopy image of a device. We notice that there are about three quantum dots lying on the nanotube, although we will demonstrate later on that only one of them is probed.
The electron properties of the CdSe quantum dot are detected by means of the electron counting spectroscopy 2(a) and 2(e)]. Sweeping V g allows us to change N. Measuring G tube allows the detection of the transfer of individual electrons between the quantum dot and the nanotube [11] . The effect of an extra electron on the quantum dot is to shift the G tube ðV g Þ curve along the V g axis [ Fig. 2(d) ]. This can be understood using the electric circuit shown in Fig. 2(a) , which consists of a network of 3 capacitances. When an extra electron tunnels into the quantum dot, the nanotube must accommodate the opposite charge due to the tube-dot capacitance [ Fig. 2(c) ]. In a first approximation, this causes the same effect on G tube as does changing V g (G tube is proportional to the charge density of the nanotube, which depends on V g through the tube-gate capacitance).
Figure 2(f) shows measurements of G tube ðV g Þ shifts. We have shown in Ref. [11] that every shift corresponds to the transfer of a single electron. We emphasize that our method to count electrons allows us to tell whether electrons tunnel into or out of the dot. Electrons tunneling into the dot (obtained by increasing V g ) causes the G tube ðV g Þ curve to shift to the right along the V g axis [ Fig. 2(f) ]. Otherwise, the shift occurs to the left. The direction of the tunnel process is remarkably well controlled. Ninety-eight percent of the shifts occur to the right when V g is increased [12] .
Figures 3(a) and 3(b) show the number of shifts in G tube ðV g Þ measured as a function of V g over a large range of voltages, from À35 to þ35 V. Shifts are observed everywhere except in the region around V g ¼ 0 V. This V g gap is attributed to the energy gap of the semiconducting CdSe quantum dot. Indeed, no electron can tunnel into the dot, as there are no free states available. Note that we only consider the shifts in which the G tube ðV g Þ curves remain parallel before and after the shift such as in Fig. 2(f) ]. This excludes a small fraction of shifts ($10%). Such handling of the data is justified in that such shifts are observed in devices on which CdSe quantum dots have not been deposited. We attribute these to charges trapped inside, for instance, the silicon oxide.
The number of shifts is about 200 when sweeping V g from the energy gap to either À35 V or þ35 V. This suggests that the quantum dot can be filled or emptied with as many as 200 electrons, assuming that a single quantum dot is probed (see below). This number corresponds to about 0:08e for each atom of the dot. This is much more than previous transport or optical experiments on semiconducting quantum dots [3] [4] [5] [6] [7] [8] [9] . This concentration of electrons in a small volume generates a high electric field. We get a field ' 20 V=nm at the surface of the dot using ¼ 200e=ð4 0 r r 2 Þ with r ¼ 2:5 nm and r ' 2 the average dielectric constant of the environment. Such a field is extreme but is comparable to the one of fullerenes charged with a few electrons [13] . We notice, however, that we cannot exclude that some of the electrons may be lost by emission into the nearby environment [14] .
We now turn our attention to the spectrum of CdSe quantum dots by looking at V 
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where depends on the capacitances between the quantum dot, the nanotube, and the gate [12] . When the signal of G tube is particularly clean, we find that V shift g can oscillate for successive N [ Fig. 4(a) ], consistent with the spinrelated even-odd effect (see below). When plotting the distribution of V shift g , we obtain a peak at about 100 mV and a long tail at higher energies [Figs. 4(c) and 4(d) ].
We here discuss the possible origins of the distribution of V shift g . It may be related to the density of states of CdSe. This is however not the case, since the fluctuation remains similar when varying V g [ Fig. 4(e) ]. Another possibility is that the distribution is affected by the emission of electrons from the dot into the environment. This may smear the distribution and give it a Gaussian shape. It is unlikely that it results in the measured peak flanked by a tail. An alternative explanation may be that there are several quantum dots lying on the nanotube. However, we have fabricated 20 similar devices, and only two of them exhibit shifts with parallel G tube ðV g Þ curves [ Fig. 2(f) ]. The vast majority of dots are thus inactive. In the unlikely case that one of the two devices should probe two dots, the number of shifts would be twice as many and the average separation hV jump g i between the shifts [ Fig. 2(d) ] would be half as much. However, hV jump g i for samples A and B is 156 mV and 146 mV, respectively. Overall, it is likely that one single quantum dot is probed. This is probably because the nanotube-dot resistance has to lie within the appropriate range. If it is too large, shifts will never occur. In the opposite case, tunneling events will be so fast that electrons will tunnel in and out repeatedly, smearing the shifts.
Before comparing the results to the bimodal Wigner distribution, it may be useful to recall the basics of the related model. The energy separation between electron levels (E ad ) can be expressed by the sum of the charging energy E c and the level spacing ÁE. According to the socalled constant interaction model [15] [16] [17] 
N when N is even and E N ad ¼ E c when N is odd. This even-odd effect reflects the spin degeneracy of levels, and is consistent with measurements in Fig. 4(a) [18] . The level spacing is very sensitive to the irregularities in the shape of the dots [15] [16] [17] . Classically, this leads to chaotic trajectories for the electrons. Quantum mechanically, the level spacing fluctuates randomly as N is increased. The random matrix theory [19] predicts that the addition energy follows the so-called bimodal Wigner distribution when the spin even-odd effect is taken into account:
where s ¼ E ad ÀE c hÁEi with hi denoting ensemble averaging. Figure 4(b) shows the schematic of the distribution. The delta peak corresponds to E c , which remains constant with N. The smeared peak is associated to ÁE, which is fluctuating with N. This smeared peak is known as the Wigner surmise. Its functional form is simple [second term in Eq. (2)], and it has described experiments in many different research fields on, for instance, large atomic nuclei, hydrogen atoms in strong magnetic fields, or chaotic microwave cavities [16] .
The V shift g distribution is consistent with the bimodal Wigner distribution. The main peak can be assigned to the charging energy, and the tail to the fluctuating level spacing. The distribution can be fitted to Eq. (2) convolved with Gaussian to account for errors in the determination of V shift g , for instance. Figures 4(c) and 4(d) show a rather good agreement. Using estimated from [12] , we obtain E c % hÁEi % 20 mV, consistent with previous transport measurements [3] . (See [12] for a detailed analysis of ÁE.) For purposes of comparison, Fig. 4(f) shows the V shift g distribution measured on a Au dot. The distribution exhibits a Gaussian profile, which is to be expected, since ÁE is here much lower than E c .
Most previous measurements on quantum dots have not given evidence for the bimodal Wigner distribution despite many attempts with, for instance, GaAs, Si, In 2 O 3Àx , or graphene dots [20] [21] [22] [23] [24] [25] [26] . To our knowledge, there is one exception [18] , but the measurements are carried out on a low number of electronic states and are not discussed in terms of the bimodal Wigner distribution. The absence of bimodal Wigner distribution has generated tremendous theoretical work [20, [27] [28] [29] [30] [31] [32] [33] [34] [35] . It has been accounted for by either a strong Coulomb repulsion between the electrons in the quantum dot (larger than the Fermi energy) or the deformation of the shape of the dot when sweeping V g (for quantum dots that are electrostatically defined by gates). In our experiment, the shape of CdSe quantum dots is well defined and should not be affected by V g . In addition, the Coulomb interaction between two electrons E eÀe is lower than the Fermi energy E F for sufficiently small particles. The interaction parameter r s given by E eÀe =E F is equal to d=2a 0 N 1=3 , d being the diameter and a 0 the effective Bohr radius. Specifically, we have r s < 0:27 for a 5 nm diameter CdSe particle when N > 10 (r s ¼ 0:6 for N ¼ 1). Thus, the free-particle picture should be valid. We notice that theoretical works [28, 30] predict a progressive change from a Gaussian to a bimodal Wigner distribution depending on r s and the shape deformation strength. More work is needed, especially on device fabrication, to improve the data quality and to see whether the data perfectly match the bimodal Wigner distribution or the data (slightly) deviate from a bimodal Wigner distribution toward a Gaussian.
In summary, we have developed a new technique that allows us to fill or empty a semiconducting quantum dot with many electrons. The ability to shift the Fermi energy by a large amount holds promise for nanoscale or molecular electronics, since the large energy separation between the levels often has limited access to only one level (or a few). Here, we have exploited this finding to study the statistical aspects of the spectrum of the quantum dot. The measured spectrum distribution approaches the bimodal Wigner distribution, which is the most basic prediction of the random matrix theory applied to quantum dots.
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